The killing of Listeria monocytogenes following exposure to low pH, organic acids, and osmotic stress was enhanced by the addition of 5% (vol/vol) ethanol. At pH 3, for example, the presence of this agent stimulated killing by more than 3 log units in 40 min of exposure. The rate of cell death at pH 3.0 was dependent on the concentration of ethanol. Thus, while the presence 10% (vol/vol) ethanol at pH 3.0 stimulated killing by more than 3 log units in just 5 min, addition of 1.25% (vol/vol) ethanol resulted in less than 1 log unit of killing in 10 min. The ability of 5% (vol/vol) ethanol to stimulate killing at low pH and at elevated osmolarity was also dependent on the amplitude of the imposed stress, and an increase in the pH from 3.0 to 4.0 or a decrease in the sodium chloride concentration from 25 to 2.5% led to a marked reduction in the effectiveness of 5% (vol/vol) ethanol as an augmentative agent. Combinations of organic acids, low pH, and ethanol proved to be particularly effective bactericidal treatments; the most potent combination was pH 3.0, 50 mM formate, and 5 % (vol/vol) ethanol, which resulted in 5 log units of killing in just 4 min. Ethanol-enhanced killing correlated with damage to the bacterial cytoplasmic membrane.
The gram-positive bacterium Listeria monocytogenes is recognized as a food-borne pathogen with significance for humans (11) , and major outbreaks of infection have been linked to the consumption of contaminated coleslaw (24) , cheeses (14) , and pasteurized milk (12) . Today, L. monocytogenes is a major concern to manufacturers worldwide due to the high mortality rate of listeriosis in susceptible populations and to the resistance of the pathogen to a number of food preservation practices. In particular, the ability of the organism to grow at refrigeration temperatures (30) and on dry surfaces (31) and its ability to tolerate acidic conditions (1, 2, 7) make it well adapted to food environments which normally restrict bacterial growth. Consequently, control of this bacterium is a significant challenge for the food manufacturer.
Acidification of foods with short-chain organic acids, either by fermentation or by deliberate addition, is an important and widespread mechanism for controlling food-borne pathogens in a variety of foods. However, a number of studies have demonstrated that L. monocytogenes is more acid tolerant than most food-borne pathogens, although the sensitivity of the organism to organic acids varies with the nature of the acidulant used (28) . An additional consideration relevant to the survival of this pathogen in foods is that fact that acid tolerance can be enhanced by exposing the organism to moderately acidic conditions (8, 17) , a factor which can further reduce the effectiveness of acid-based preservation systems against L. monocytogenes.
The innate resistance of L. monocytogenes to many of the food preservation systems that are effective against other foodborne pathogens has prompted research aimed at developing combination systems for more effective control of this pathogen (20) . Recently, it has been shown that Escherichia coli O157:H7 strains can be effectively killed by combination treatments involving low pH and ethanol and that death can be correlated with the ability of ethanol to disrupt the capacity of the cell for pH homeostasis (15) . Ethanol has been widely used as a disinfectant in the medical field for many years, and it is generally accepted that the alcohol generated during preparation of fermented foods and drinks has a preservative function against microorganisms (25) . The beneficial effects of deliberate addition of low concentrations of ethanol to prolong the shelf lives of packaged foods have also been recognized (25, 27) . Much of this work, however, has focused on the use of ethanol as an agent for preventing microbial growth (27) rather than as an antimicrobial agent as described by Jordan et al. (15) .
In this study we assessed the influence of ethanol on the sensitivity of L. monocytogenes to acidic pH values and a number of short-chain organic acids. In addition, we tried to determine whether the presence of ethanol sensitized L. monocytogenes to other environmental stresses, including osmotic upshock and downshock.
MATERIALS AND METHODS
Bacterial strain and storage conditions. L. monocytogenes NCTC 7973, obtained from the National Collection of Type Cultures (Colindale, London, United Kingdom), was stored at Ϫ70°C in Microbank cryovials (Pro-Lab Diagnostics, Wirral, United Kingdom). Before use, L. monocytogenes NCTC 7973 was cultured at 37°C on TSA-YE and maintained as colonies for up to 2 weeks at 4°C; TSA-YE was tryptone soya agar (Oxoid Ltd., Basingstoke, United Kingdom) supplemented with 0.6% (wt/vol) yeast extract (Oxoid Ltd.).
Growth conditions and viable counts. For starter cultures, colonies from TSA-YE plates were inoculated aseptically into 10 ml of tryptone soya broth (Oxoid Ltd.) supplemented with 0.6% (wt/vol) yeast extract (TSB-YE) at pH 7 and grown at 37°C for 24 h. To prepare stationary-phase cultures, these preparations were diluted 1:100 in 50 ml of TSB-YE (pH 7) in 250-ml baffled flasks and grown with shaking (150 rpm) in an orbital incubator at 37°C for 28 h. (The pH of the medium at the end of growth was determined to be between 5.75 and 5.85.) Routinely, viable counts were obtained by using serial dilutions in maximum recovery diluent (MRD)(Oxoid Ltd.). Dilutions were plated onto TSA-YE plates, which were incubated at 37°C for approximately 36 h to allow colonies to form. It should be noted that the plate incubation conditions were not optimized to recover injured cells, and consequently, injured but viable cells may not have been recovered.
Survival at low pH in the presence or absence of ethanol. L. monocytogenes was grown to the stationary phase, diluted 1:100 in 10 ml of TSB-YE acidified to either pH 3.0 or 4.0 with HCl, and briefly vortexed. Organic acids and/or ethanol was added as required. Organic acids were prepared in deionized water by using a free acid and the salt of the acid to give the required undissociated acid concentration. The pH was adjusted with hydrochloric acid or sodium hydroxide, as appropriate. The pK a values of the different acids were taken to be 4.74 for acetate (6), 4.17 for L-ascorbate (6), 4.20 for benzoate (9), 3.13 for citrate (6), 3.75 for formate (6), 3.86 for DL-lactate (6), 3.46 for DL-malate, (9), 4.87 for propionate (9) , and 4.76 for sorbate (6) . When an acid had several acidic functions, the lowest pK a corresponding to the major acidic function was chosen. These values were used to calculate undissociated acid concentrations at designated pH values by using the Henderson-Hasselbalch equation. It should be noted that because of poor solubilities in water, benzoate and sorbate were used at lower concentrations (10 mM) than the other organic acids. All challenges were carried out at 37°C. Cells were recovered in and diluted in 100 mM sodium phosphate buffer (pH 7) and were enumerated on TSA-YE plates as described above.
Survival during osmotic stress in the presence or absence of ethanol. L. monocytogenes was grown to the stationary phase and diluted 1:100 in 10 ml of TSB-YE (pH 7) supplemented with sodium chloride (NaCl), sucrose, or glycerol to generate elevated increased osmolarity, and 5% (vol/vol) ethanol was added as required. The solutions were then vortexed and kept at 37°C. Cells were recovered in MRD and enumerated on TSA-YE plates as described above. To generate hypoosmotic stress, L. monocytogenes cells were grown to the stationary phase, diluted 1:2,000 in either 10 ml of TSB-YE or 10 ml of deionized water at pH 7 supplemented with 5% (vol/vol) ethanol as required, and vortexed. All challenge solutions were buffered to pH 7.0 by using 5 mM HEPES. Cells were recovered from challenge solutions in MRD and enumerated as described above.
Fluorescence measurements. Stationary-phase cultures of L. monocytogenes were diluted 1:10 in TSB-YE (pH 7) with and without 5% (vol/vol) ethanol, kept at 37°C for different times, and assessed for permeability to fluorescent dyes as described previously (4, 23) . In separate experiments propidium iodide (2.9 M) and ethidium bromide (100 M) were added to samples taken from the incubation mixtures. After 10 min of incubation in the presence of the dyes, the samples were centrifuged for 5 min at 13,000 ϫ g and washed twice in MRD. Fluorescence was measured with a luminescence spectrometer (model LS-5B; Perkin-Elmer); the excitation wavelength was set at 493 nm for ethidium bromide and at 495 nm for propidium iodide, and the emission wavelengths were set at 610 and 615 nm, respectively. The slit width was 10 nm. Fluorescence data for cell suspensions were normalized by using optical density at 600 nm and were expressed as percentages of the value obtained for cells permeabilized by heating at 80°C for 10 min. Fluorescence values obtained for cells which were not stained with either ethidium bromide or propidium iodide were subtracted from all experimental values.
RESULTS
Augmentation of killing of L. monocytogenes by combinations of lactate, ethanol, and low pH. Addition of either ethanol or lactate dramatically reduced the viability of stationaryphase cells of L. monocytogenes when they were exposed to pH 3.0 (Fig. 1A) . The rates of inactivation observed with the two compounds were similar, and in the presence of either agent viability decreased by approximately 4 log units in 30 min, compared with the less-than-1-log-unit decrease in viability that was observed when cells were incubated at pH 3.0 alone. A combination of the two agents proved to be even more bactericidal and reduced the viability by more than 4 log units in just 12 min. When either ethanol or lactate was used alone, 12 min of exposure resulted in less than 1 log unit of killing, indicating that the two agents act synergistically.
Inactivation of L. monocytogenes by combinations of organic acids, low pH, and ethanol. Next, we investigated whether ethanol also augmented killing by various organic acids at pH 3.0. For every organic acid tested, a combination of 5% ethanol and the acid resulted in a dramatic decline in viability that was always greater than the decline observed with either agent alone ( Table 1 and Fig. 1 ). At pH 3.0 in the absence of ethanol, citrate, ascorbate, propionate, and acetate were the least effective bactericidal agents, and the most effective compounds were formate, benzoate, malate, lactate, and sorbate, in that order. These compounds were also the most effective bactericidal organic acids when ethanol was present, and 4-log-unit killing occurred in 3, 4, 6, 10, and 12 min with formate, benzoate, malate, sorbate, and lactate, respectively (Fig. 1) . When benzoate and formate were used alone, they were highly effective at killing L. monocytogenes at pH 3. Nevertheless, in all cases addition of ethanol resulted in shorter killing times.
Increasing the pH from 3 to 4 resulted in a marked reduction in the effectiveness of ethanol when it was added alone ( Fig. 1 and Table 1 ). Thus, while exposure to ethanol at pH 3.0 led to a 5-log unit reduction in the number of cells in 40 min, when the experiment was repeated by using pH 4.0 less than a 1-log unit reduction in viability was observed at the same time. The increase from pH 3.0 to 4.0 also led to a reduction in the ability of ethanol to stimulate cell death when it was used in combination with organic acids. Nevertheless, with one exception, the rate of cell death in the presence of organic acids was always substantially greater in the presence of ethanol. For example, when cells were exposed to lactate and incubated at pH 4.0, little decrease in viability was evident, but when ethanol was present, a 5-log unit reduction in viability occurred in 120 min (Fig. 1 ). For comparison, at pH 3.0 the same combination of acid and ethanol brought about an equivalent reduction in viability in just 12 min. When cells were exposed to ascorbate at pH 4.0, the extent of cell death was eight-fold less in the presence of ethanol than in the absence of ethanol (Table 1) , and in this situation ethanol actually antagonized the killing effect of the organic acid. This finding differs markedly from the situation observed at pH 3.0, when the presence of ethanol increased the effectiveness of ascorbate.
Dependence of cell death at pH 3.0 on the concentration of ethanol. The rate of cell death at pH 3.0 showed a clear dependence on the concentration of ethanol present (Fig. 2) . Thus, while cell death in the presence of 10% ethanol was stimulated by more than 3 log units following 5 min of exposure, in the presence of 1.25% ethanol cell death was enhanced by less than 1 log unit after the same time. The bactericidal effect of ethanol was also observed to be dependent on the pH of the medium, and when the experiment was repeated at pH 7.0, exposure to 1.25 to 10% ethanol did not result in any significant loss in viability over the 90-min experiment (unpublished data).
Influence of ethanol on survival of L. monocytogenes during osmotic stress. To determine whether ethanol also sensitized L. monocytogenes to stresses other than low pH, survival of L. monocytogenes during both hyperosmotic stress and hypoosmotic stress was monitored in the absence or presence of this compound.
Initially, hyperosmotic stress was generated by exposing cells to different concentrations of NaCl. In the absence of ethanol only exposure to 15 and 25% NaCl resulted in a measurable decline in viability, but this decline was generally less than 2 log units of killing over a 24-h period. While the presence of ethanol had no effect on the viability of cells exposed to 2.5% NaCl (unpublished data) at higher osmolarities, addition of this alcohol resulted in increases in the rate of cell death, so that for NaCl concentrations of 8, 15, and 25%, 4 to 5-log unit reductions in the numbers of cells occurred in 24, 14, and 2 h, respectively (Fig. 3A) .
Next, we sought to establish whether ethanol also increased the sensitivity of cells of L. monocytogenes to elevated osmo- on November 7, 2017 by guest http://aem.asm.org/ larity when the stress was generated with nonionic osmolytes (Fig. 3B ). Nonionic osmolytes were used at an osmolality equivalent to that of 7.5% NaCl. While exposure of L. monocytogenes to 47% sucrose alone did not lead to a significant loss of viability of L. monocytogenes over a 24-h period, a combination of sucrose and ethanol resulted in 4 log units of killing in 14 h. This rate of killing was higher than that observed for cells exposed to ethanol and 8% NaCl, when the same reduction in viability occurred only after 24 h (Fig. 3A) . Exposure of the bacterial cells to 17.8% glycerol, which diffuses freely across the inner membrane and therefore does not generate osmotic stress, resulted in no loss of viability over a 24-h period. In this case, however, addition ethanol had a much less marked effect on viability, and in the presence of this agent only a 1 log unit of killing had occurred after 24 h (Fig. 3B) .
To generate rapid osmotic downshock, cells were diluted in 5 mM HEPES (pH 7.0). As determined above, exposure to ethanol also compromised the ability of cells to resist the stresses that arose during survival in the presence of 5 mM HEPES (pH 7.0).
While the viability of L. monocytogenes in this low-ionic-strength environment did not decline significantly over a 24-h period, inclusion of ethanol in the buffer resulted in a 4-log unit decline in the number of cells within 24 h (Fig. 3C) .
Effect of sublethal concentrations of ethanol on cell permeability as monitored with fluorescent dyes. To determine whether exposure to ethanol caused changes in the permeability of the membrane of L. monocytogenes and whether this could have been responsible for the sensitizing effect of ethanol, cells were exposed to 5% ethanol and the permeation of the fluorescent dyes ethidium bromide and propidium iodide was assessed (Fig. 4) . A one-way analysis of variance of the data demonstrated that exposure of cells to ethanol resulted in a significant (P Ͻ 0.01) increase in uptake of ethidium bromide at each time but did not significantly alter the permeability of cells to propidium iodide. Viability remained unaffected by exposure to 5% ethanol (unpublished data). ) and diluted 1:100 in challenge media at pH 3.0, and viability was assessed in the presence of 0% (F), 1.25% (OE), 2.5% (s), 5% (}), or 10% () ethanol. The data are means, and the error bars indicate standard deviations for experiments performed in triplicate. The limit of detection was 250 CFU ml Ϫ1 .
FIG. 3. Effect of ethanol on resistance of L. monocytogenes to hyperosmotic shock and hypoosmotic shock. (A)
Cells were grown to the stationary phase (approximately 2 ϫ 10 9 CFU ml
Ϫ1
) and transferred to media containing no added NaCl (F and E), 8% NaCl (OE and ‚), 15% NaCl (s and ᮀ), or 25% NaCl (} and {), and viability was assessed in the presence (open symbols) or in the absence (solid symbols) of 5% ethanol. The arrows indicate sampling times when no CFU were detected for ethanol combined with 25 and 15% NaCl (arrows 1 and 2, respectively). (B) Cells were transferred to media containing no added solute (F and E), 47.2% (wt/vol) sucrose (OE and ‚), or 17.8% (wt/vol) glycerol (s and ᮀ), and viability was assessed in the presence (open symbols) or in the absence (solid symbols) of 5% ethanol. The arrow indicates a sampling time when no CFU were detected for ethanol combined with sucrose. (C) Cells were diluted 1:2,000 in 5 mM HEPES (pH 7.0) (OE and ‚) or TSB-YE containing 5 mM HEPES (pH 7.0) (F and E), and viability was assessed in the presence (open symbols) or in the absence (solid symbols) of 5% ethanol. The data are means, and the error bars indicate standard deviations for experiments performed in triplicate. The limit of detection was 250 CFU ml Ϫ1 . 
DISCUSSION
The sensitivity of E. coli O157:H7 strains to low pH can be increased by combination treatments using low pH, lactate, and ethanol (15) . Here, we sought to establish whether similar treatments potentiate cell death in L. monocytogenes and whether they could form the basis of novel methods for controlling this pathogen.
In the absence of ethanol, exposure of L. monocytogenes cells to pH 3.0 led to a significant decline in viability over a 90-min period. However, addition of 5% ethanol brought about a dramatic increase in the rate of inactivation of L. monocytogenes exposed to pH 3.0. For comparison, the time taken to induce 4 log units of killing at pH 3.0 in the absence of ethanol was 90 min, while in the presence of this agent 5 log units of killing occurred in just 40 min.
Stationary-phase cells were chosen to assess the sensitivity of L. monocytogenes to the combination treatments because in general this is the cell form that is most resistant to acid (8) . However, it is well established that L. monocytogenes cells can adapt to become tolerant to acid conditions during growth at mildly acidic pH values. However, cells which had been habituated at pH 5.0 were also sensitive to killing by lactate and ethanol, and a combination of these two agents reduced the viability of these cells by 4 log units in less than 12 min (unpublished data).
A number of studies have demonstrated the inhibitory activity of organic acids against L. monocytogenes and have shown that the effects are mainly related to the amount of undissociated acid (1, 2, 5, 10, 13, 16, 21, 32, 33) . Thus, it was not surprising that addition of various organic acids to cells exposed to pH 3.0 led to a marked decrease in the survival of L. monocytogenes at this pH. Citrate was found to be the least effective acid for inducing cell death, while the most effective agents were formate, benzoate, malate, lactate, and sorbate, in that order. In all cases addition of ethanol in combination with the organic acid led to a further increase in cell death. For the less effective compounds, such as malate, lactate, and sorbate, it was clear that the organic acids and ethanol act synergistically to bring about cell death. When used alone at pH 3.0, benzoate and formate were highly effective bactericidal agents. Nevertheless, in both cases addition of ethanol resulted in shorter killing times. The most effective bactericidal combination, 5% ethanol and 50 mM formate, resulted in 5 log units of killing in just 4 min.
As has been observed previously for E. coli O157:H7 (15), the killing process mediated by ethanol was highly dependent on the pH of the media, and increasing the pH from 3 to 4 resulted in a marked reduction in the effectiveness of the agents. However, in all but one situation, addition of ethanol always led to a significant increase in cell death. Intriguingly, addition of ethanol to cells exposed to pH 4.0 and ascorbate actually led to a reduction in the effectiveness of the organic acid in L. monocytogenes killing, and this may have reflected a different bactericidal mechanism for ascorbate than for the other organic acids used. In this context, the presence of ascorbate can lead to intracellular production of H 2 O 2 (18) . If the toxicity of ascorbate for L. monocytogenes is in part due to production of H 2 O 2 , then the antagonistic effect of ethanol may result from the fact that exposure to ethanol can induce resistance to H 2 O 2 and oxidative stress in L. monocytogenes (19) .
Sensitization of L. monocytogenes cells by ethanol is not a phenomenon that is particularly associated with pH stress since we have demonstrated that ethanol also potentiates the death of cells when they are exposed to both hyper-and hypoosmotic stresses. When the osmolarity of the environment was raised by the presence of both ionic (NaCl) and nonionic (sucrose) solutes or was reduced by exposure to water, the presence of ethanol resulted in a significant reduction in the number of cells. However, when the osmolarity of the medium was raised by adding glycerol, the sensitizing effect of ethanol was much less. While exposure to elevated concentrations of sucrose and NaCl and osmotic downshock result in changes in the distribution of solutes across the bacterial inner membrane as a consequence of osmotic stress and osmoregulatory mechanisms, glycerol, which moves freely across the cell membrane, does not generate hyperosmotic stress and, therefore, does not induce such changes. Thus, it is possible that ethanol sensitizes cells to osmotic stress by altering the permeability of the cell membrane, thereby interfering with the distribution of solutes within the cytoplasm during osmotic stress. A similar mechanism may explain the observation that the effectiveness of ethanol as a growth-inhibiting agent for Staphylococcus aureus is dependent on water activity (26) . The fact that ethanol also sensitizes cells to acid stress and to organic acids is also consistent with the concept that this agent alters membrane permeability. In this respect, any compound which increases the permeability of this barrier and which consequently is able to increase the passage of protons or organic acids into the cytoplasm should lead to disruption in the ability of the cell to maintain pH homeostasis and thus decrease resistance to this stress.
To ascertain whether exposure to ethanol did indeed alter membrane permeability, the ability of ethanol to affect the distribution of the fluorescent stains ethidium bromide and propidium iodide was assessed. Both these dyes have been used to assess injured cells in microbiological populations. As both dyes are normally excluded from the cytoplasm by the inner membrane, accumulation of these compounds in the cytoplasm is a good measure of impairment of the barrier function of the cell envelope (4, 22, 23, 29) . Exposure of L. monocytogenes to ethanol clearly increased the permeability of the cells to ethidium bromide but not their permeability to propidium iodide. Since propidium iodide has a higher molecular weight (668.4) than ethidium bromide (394.3), this finding may have been a reflection of a change in membrane permeability which was sufficient to allow passage of only the smaller dye. Nevertheless, although the change in the permeability of the bacterial inner membrane may have been small in terms of the size of the compounds which could pass through it, such an alteration in permeability could have allowed increased passage of protons, organic acids, and osmotic solutes into and out of the cytoplasm depending on the relative concentration gradients. Since the change in ethidium bromide uptake occurred immediately and before any appreciable increase in the rate of cell death during acid or osmotic stress could have taken place, the initial change in the distribution of solutes either was reversible during recovery or did not immediately cause cell death. Ultimately though, ethanol increases the rate of cell death during exposure to such inimical conditions, and the observations presented here suggest that ethanol sensitizes cells to pH stress and osmotic stress by increasing the permeability of the membrane barrier. Two previous studies have described the effects of ethanol on L. monocytogenes. In the first study, Oh and Marshall (20) demonstrated that while 5% ethanol strongly inhibited growth of this pathogen, a combination of ethanol and lactic acid did not increase the inhibitory effect of ethanol. This observation clearly does not support our observations. However, since the study of Oh and Marshall (20) was carried out at pH 7.0, the lack of interaction between ethanol and lactic acid reported by these authors was probably a consequence of the marked dependence of the killing effect on pH, as reported here. Another previous study raised the concern that exposure to sublethal environmental stresses may protect L. monocytogenes against lethal preservation factors (19). Intriguingly, one of the treatments shown to induce this stress hardening was exposure of the bacterial cells to 5% ethanol, which was shown to actually increase the resistance of L. monocytogenes to acidic pH and 25% NaCl. At first glance, these observations also appear to be in conflict with those reported here. However, while Lou and Yousef (19) exposed cells to 5% ethanol to induce resistance, the ethanol was removed prior to exposure to the stress treatments, and thus the protocol which these authors used differs significantly from that used in this study, in which ethanol was present during exposure of cells to the stress treatments. Thus, if ethanol is actually present during exposure to stress, the mechanism of sensitization described in this study seems to override any stress hardening activity attributed to this compound.
We demonstrated that ethanol can enhance the rate of inactivation of L. monocytogenes during exposure to low pH, organic acids, and osmotic stress and that sensitization of the cells can be correlated with membrane damage. It is possible, therefore, that some of the combination treatments involving ethanol described in this paper or modifications of them may be useful for control of L. monocytogenes as bactericidal treatments. Ethanol is widely used as a disinfectant in medicine and has also been used as an antimicrobial agent in food, and low concentrations of ethanol have been used to prolong the shelf lives of packaged foods (25, 27) . Ethanol is present naturally in a wide range of foods and beverages and also is a permitted solvent for flavorings and colors used in a number of products. Consequently, on toxicological grounds there appears to be no reason why ethanol should not be acceptable as a food preservative (25) . Indeed, it has "generally regarded as safe" status in the United States as a food ingredient (3). Thus, ethanol in combination with organic acids and low pH could be used to reduce the viability of L. monocytogenes in foods since some of the combinations examined here were particularly effective at reducing the viability of L. monocytogenes in short time periods. For example, some of the treatments described here could be used as washes to inactivate this pathogen on contaminated surfaces either on raw materials or on processing equipment. While combinations of ethanol with formate and benzoate were the most effective treatments for reducing the viability of L. monocytogenes, lactic acid may be a more appropriate choice for food treatments since the lack of acute and chronic toxicity of this compound has led to its widespread use as a food preservative and decontaminating agent.
